Abstract The purpose of this study was to examine the effects of large wood (LW) on the physical environment and the initial establishment of vascular plant species in the Rekifune River, a large barbraided monsoonal river in Japan. The physical environment and the diversity and composition of plant species were compared in relation to the orientation of LW pieces. We found that shading effects were more prevalent in the immediate vicinity of LW pieces than in quadrats distant from LW. The effect was especially strong at the center of LW jams (the ''jam center''). Fine sand and silt were concentrated in the quadrats downstream from the LW pieces. In contrast, cobbles dominated the upstream quadrats. The highest diversity was found in the jam center, while intermediate values were observed in the quadrats surrounding LW. Indicator species analysis detected 21 indicator species only in the jam center. The LW jams favored the deposition of plant fragments and sediment and created shaded areas within and around the structures. Buried seeds may be transported with LW during a flood, and seeds dispersed by wind and stream flows may be trapped by the complex structure of LW jams. The specific environmental conditions and the trapping of seeds and plant fragments result in the early establishment of mid-successional tree species at LW jams. In conclusion, the LW pieces deposited on gravel bars altered the light and substrate conditions and thereby provided specific safe sites for various riparian plant species.
Introduction
The geomorphic and ecological roles of large wood (LW) in river ecosystems have been examined in many previous studies (Maser and Sedell 1994; Harmon et al. 1986 ). One of the primary functions of LW is forming pools and habitat cover (Inoue and Nakano 1998; Nagayama et al. 2009; Nakamura and Swanson 1994) . Another well-known function of LW is the retention of sediment, organic matter, and nutrients (Wondzell and Swanson 1999; Nakamura and Swanson 1993; Bilby and Likens 1980) . However, most of these functions represent instream effects on aquatic organisms and material flows. The volume and location of LW change along the longitudinal gradient of a watershed (Gurnell et al. 2002) . Instream LW is abundant in small streams, whereas LW on bars and floodplains dominates in intermediate and large rivers (Seo and Nakamura 2009 ). However, the majority of studies addressing LW have focused on the influence of instream LW on the aquatic biota of small streams, and studies on the effects of LW deposited on bars and floodplains in large rivers are scarce.
One of the ecological functions of LW pieces deposited on bars is the provision of habitats for the regeneration of various riparian plant species (Naiman et al. 1998 ). This function is evident in large braided rivers where a wide valley floor develops because abundant LW pieces are scattered over gravel bars and floodplains. Recently, several studies in Europe and the United States have examined the geomorphic processes involved in island development and the establishment of vegetation associated with LW (Abbe and Montgomery 1996; Gurnell et al. 2000) , but no such studies have been conducted in the temperate zone in Asian monsoonal regions. Previous studies have clearly indicated that LW facilitates the deposition of fine sediment, organic fragments, and nutrients, and thereby creates heterogeneous regeneration habitats for plant species. However, very few studies have focused on the contribution of LW deposited on bars and floodplains to the diversity of plant species. Pettit and Naiman (2006) investigated riparian woody plants in a semi-arid South African river and found that the abundance and species richness of these plants in LW areas were significantly greater than in open reference areas. However, these results may differ from the situation in the Asian monsoonal temperate zone, where a humid climate dominates. The relatively high humidity in Japan may alter the effect of LW on soil moisture, and floods associated with snowmelt, typhoons, or localized torrential downpours in northern Japan are expected to play an important role in distributing LW pieces and in determining the residence time of LW on gravel bars. Furthermore, Pettit and Naiman (2006) only surveyed naturally established woody plant species, although their study included an examination of the soil seed bank for herbaceous and woody plants. Francis et al. (2008) investigated the influence of LW on plant diversity in the Taliamento River in Italy. They found that specific features of LW jams, notably the scour pool depth at rootwads and the accumulation of fine sediments, were significant with respect to plant diversity.
The objective of the present study was to examine the effects of LW on the physical environment and the initial establishment of vascular plant species in a large monsoonal river. We set sampling quadrats at sites containing a single LW piece and at sites with LW jams (accumulations of multiple LW pieces). The physical environment and the diversity and composition of plant species in these quadrats were compared in relation to the orientation of the pieces. LW pieces on gravel bars are generally aligned parallel to the axis of the active channel (Gurnell et al. 2002; Edwards et al. 1999) , and the upstream and downstream ends of the LW pieces may experience considerably different hydraulic conditions during a flood. Therefore, we hypothesized that the structural complexity created by LW pieces increases the heterogeneity of regeneration habitats and thereby enhances the species diversity of riparian plants. In addition, the species diversity and composition may differ among locations around LW pieces.
This study focused on the early successional stage of riparian vegetation because relatively small differences in species responses in the initial years after a disturbance can have a substantial influence on the future development of plant communities (Bråkenhi-elm and Liu 1998; Halpern and Spies 1995) . We examined the establishment of plant species on gravel bars in the active channel, but not in floodplains because the presence of LW pieces is more significant for the regeneration of riparian species on active bars than in forested floodplains (Pettit and Naiman 2005) .
Study area
The Rekifune River drains the Hidaka mountain range and flows into the Pacific Ocean (Fig. 1) . The watershed area associated with the river is 558.5 km 2 , and the length of the river is 64.7 km. At the Taiki meteorological station (42°30 0 N, 143°16 0 E), which is located near the river, the annual precipitation in 2010 was 1,142 mm; the mean annual air temperature was 6.4°C; and the mean monthly air temperature ranged from -8.1°C in January to 21.9°C in August (Japan Meteorological Agency 2011). The watershed is covered by deposits of Quaternary pyroclastic flows as well as pudding and sandstones.
At the study site, which is situated at the ''barbraided site '' of Shin and Nakamura (2005) , the river displays bar-braided channels with broadly distributed gravel bars and floodplains. The channel floor is approximately 1 km wide, with an active channel extending for approximately 300 m. The bed gradient is approximately 0.0046. The mean diameter of bed materials obtained using linear-lattice sampling methodology was 11.5 ± 6.6 cm (mean ± SD).
Mature riparian forests are widely distributed along the river, with the species composition being relatively constant throughout the study reach. The pioneer tree species in the area include Chosenia arbutifolia, Toisusu urbaniana, Populus maximowiczii, and Alnus hirsuta, whereas late successional species include Ulmus davidiana var. japonica, Fraxinus mandshurica var. japonica, and Quercus crispula. The dominant indigenous herbs on gravel bars are Picris hieracioides subsp. glabrescens, Setaria viridis, and Artemisia montana, and the most common alien herb species are Silene armeria and Conyza canadensis.
Floods occur in early spring associated with snowmelt and in summer because of typhoons or localized torrential downpours. The maximum and minimum water discharges in 2009 at the gauging station near the study site were 322.84 and 7.67 m 3 /s, respectively. The channel floor is disturbed frequently because of lateral movement of braided channels during floods, and many gravel bars have been maintained throughout the river.
Large wood pieces transported into the bar-braided section of the river during a flood tend to become stranded over gravel bars (Fig. 2) . Because of the frequent movement of active channels, the majority of LW pieces on gravel bars may be washed away by successive floods. However, when the direction of flow shifts slightly or abruptly to another direction, some pieces will remain on bars and provide regeneration habitats for riparian plants.
The herbaceous and woody plant species found on the gravel bars are mostly anemochory, but their seeds can be secondarily dispersed by water flows. Some herbaceous species, such as Phragmites japonica, vegetatively extend rhizome runners or stolons to allow them to grow in unstable environments and expand their colonies. In addition, some woody plant species, such as Salicaceae species, sprout from buried shoots, and stems.
Methods

Sampling design
A total of 28 sites were selected on gravel bars within the active channel. The majority of the observed LW pieces were aligned parallel to the axis of the active channel. Sampling quadrats measuring 1 9 1 m 2 were set at each site in positions defined relative to the orientation of the LW piece (Figs. 2, 3) . We established four neighboring quadrats at each sampling site. These quadrats were located upstream and downstream from the LW and on both sides of the center of the LW. Another four sampling quadrats were established with the same orientations but at a distance of 1 m from the neighboring quadrats. Because it is probable that the effects of LW on the physical environment of gravel bars decrease with increasing distance from the LW, an additional four quadrats, referred to as distant quadrats, were established 4 m from each neighboring quadrat. Several quadrats were intentionally omitted because it seemed probable that other pieces surrounding the target LW piece would have influenced the sampling quadrats in some way (e.g., via sediment deposition). We observed many LW jams (accumulations of multiple LW pieces) in the study area. An additional ''jam center'' quadrat was established within each LW jam at its center (Fig. 3) . Because numerous LW pieces were scattered throughout each gravel bar area, no bar areas were found that showed absolutely no LW effects. Thus, we did not establish control sites that lacked LW pieces. We classified the quadrats into five habitat groups: upstream (two quadrats); downstream (two quadrats); side (four quadrats); distant (four quadrats); and jam center, located within each LW jam. The numbers of quadrats within these habitat groups were 55, 53, 107, 61, and 11, respectively. Surveys of the vegetation and physical environment were conducted from June 26 through October 3, 2010.
Vegetation survey
We investigated the abundance and species diversity of the vascular plants in the sampling quadrats. Each quadrat was divided into 100 meshes of 10 9 10 cm 2 , and all vascular plant species present in each mesh were identified to the species level (Shimizu 2003; Iwatsuki 1999; Satake et al. 1999a, b) . The cover ratio of each species in each quadrat was estimated based on the number of meshes in which the species occurred, and the total cover ratio was estimated based on the number of meshes in which at least one species was present.
Environmental variables
The three environmental variables (relative photon flux density (PFD), surface cover, and soil moisture) considered to be influenced by the deposition of LW were measured in the sampling quadrats.
To clarify the effects of shading associated with LW, the PFD was simultaneously measured 1 m above the ground, and immediately above the ground in the center of each quadrat on a cloudy day using two light sensors (LI-250A, Li-Cor Co.). From these results, the percent relative PFD at the ground level was calculated to evaluate the cover effect of LW on the ground.
The ground surface cover, consisting of sediment, litter, and twigs, was classified into categories of plant fragments and four grain sizes, following Wentworth (1922) : cobble (diameter [ 64 mm), pebble (2-64 mm), coarse sand (0.25-2 mm), and fine sand and silt (\0.25 mm). The ground cover component presenting the highest cover ratio in a given mesh was assigned to that mesh. The cover ratio of each component in each quadrat was estimated based on the number of meshes to which that component was assigned.
TDR (time domain reflectometry; HydroSense, Campbell Scientific, Inc.) was used to measure the water content per a given volume of soil. The water content was measured on a day following three continuous sunny days, when the water stress on plants was relatively high. At five randomly selected points in each quadrat, the soil water content was measured at 5, 10, and 15 cm below the ground surface.
Data analysis
Differences in each of the environmental variables (relative PFD, surface cover, and soil moisture) among the habitat groups were examined using one-way ANOVA. If the variables differed significantly among the habitat groups (p \ 0.05), Tukey's HSD multiple comparisons were subsequently performed. The overall differences in the physical environments and variations in the environmental conditions among the habitat groups were examined using principal component analysis (PCA). The soil water contents at 10-and 15-cm depths were not used in the PCA because the values at some sampling points could not be measured because of soil hardness.
The proportions of alien species in each quadrat were compared among the habitat groups with a oneway ANOVA. ANOVA and Tukey's HSD multiple comparisons were performed using the R statistical package, version 2.12.0 (R Development Core Team 2011).
To describe similarities of the plant communities among the habitat groups, non-metric multidimensional scaling (NMDS) (Kruskal 1964; Mather 1976) was performed on the cover ratio of the vegetation. The cover ratio was divided by 100 and arcsine-square root transformed to improve the normality of the data. The multi-response permutation procedure (MRPP) (Mielke 1984) was used to test whether the structure and composition of the vegetation differed among the habitat groups. Euclidean distance was used to calculate the average within-group distance. Pearson's correlation coefficients were calculated to indicate the relationship between each of the NMDS axes and species.
The plant species diversity among the habitat groups was compared using the Shannon-Wiener H 0 index and excluding alien species. Furthermore, indicator species analysis (INSPAN) (Dufrêne and Legendre 1997) was performed to identify the species that characterized each habitat group.
PCA, NMDS, MRPP, and INSPAN were performed using PC-ord, ver. 4 (McCune and Mefford 1999).
Results
Environmental conditions
The relative PFD and the occurrence of fine sand and silt, cobble, pebbles, and plant fragments all differed significantly among the five habitat groups (Table 1) . However, the values of soil moisture measured at the three depths did not differ significantly among the habitat groups, though the mean surface soil moisture (5-cm depth) was the lowest in the distant quadrats. The relative PFD was the highest in the distant quadrats and the lowest in the jam centers. The fine sand and silt were distributed in the downstream quadrats, whereas cobble was dominant in the distant quadrats. Cobble was scarce, and plant fragments were dominant at the jam center. The PCA ordination (Fig. 4) showed that the overall environmental conditions at the jam center were very different from the other habitat groups. The variation (SD in the PCA ordination) within each habitat group was similar among the habitat groups. This means that the heterogeneity of the regeneration habitat at the jam center was not considerably different from that in the other habitat groups.
Occurrence and diversity of plant species
The vascular plant species occurring in our study quadrats included 47 herbaceous plants, 22 woody plants, and two ferns ( Table 2 ). The dominant herbaceous species were S. armeria, P. hieracioides subsp. glabrescens, and C. canadensis, and the dominant woody species was C. arbutifolia.
Among the total of 71 species occurring in the study quadrats, 12 were alien species. All of the alien species were herbaceous plants. A total of 56 indigenous species were found, and three species identified only to family level were not included in the analyses. Although some alien species, such as S. armeria and C. canadensis, dominated most of the habitat groups, others (Taraxacum officinale, Trifolium repens, and Bidens frondosa) prevailed only in the jam center (Fig. 5) . The proportions of alien species differed slightly among the habitat groups (one-way ANOVA, p = 0.045), but no significant difference was found using Tukey's HSD multiple comparison test. Plant species diversity (H 0 ) was measured only for the indigenous species of vascular plants. H 0 was the highest in the jam center quadrats, showed intermediate values in the downstream, side, and upstream quadrats, and was the lowest in the distant quadrats (Fig. 6 ).
Community analysis
The results of NMDS ordination (Fig. 7) showed that there were significant differences in the composition and structure of the plant communities among the habitat groups (MRPP: p \ 0.05). A three-dimensional representation (final stress = 15.5, p \ 0.05 for the Monte Carlo test) was chosen by NMDS autopilot in PC-ORD. Three axes represented 84.7% of the variation in the vegetation data. Axes 1-3 represented 30.6, 21.9, and 32.2% of the variation, respectively.
The jam center plots occupied the center of the left side on axis 1 and the upper side on axis 3, while the plots for the other habitat groups mainly extended from the center to the right side on axis 1 (Fig. 7) . Thus, the species composition at the jam center was very different from that of the other habitat groups. Carex japonica, B. frondosa, and F. mandshurica var. japonica were specific for the jam center (Fig. 7) , although other species coexisted with them (Table 2) the other habitat groups (Table 2) . Eleven herbaceous and 10 woody species were found to represent indicator species in the jam center quadrats (Fig. 8) . Among these species, T. officinale, B. frondosa, and Salix sachalinensis were not prevalent at the study sites but occurred preferentially in the jam center quadrats. Species such as Senecio cannabifolius, F. lanuginosa, and Tilia japonica only occurred in the jam center quadrats. The woody species Betula maximowicziana occurred in one of the 107 side quadrats, whereas this species was found in three of the 11 jam center quadrats. P. maximowiczii 
Discussion
Variation of physical environments around LW pieces
The physical environments differed among the habitat groups. Shading effects were marked around LW pieces relative to distant quadrats. The degree of shading was especially high at the jam center. However, soil moisture did not exhibit any significant differences among the habitat groups, though surface soil in distant quadrats was slightly drier than at other sites. It is probable that the shading effect associated with LW was not sufficient to alter the soil moisture and that a high groundwater table and high humidity in the riparian zone may weaken differences in soil moisture (Xiong and Nilsson 1997) . Fine sand and silt were concentrated in the downstream quadrats. In contrast, cobbles dominated the upstream quadrats. Gurnell et al. (2005) found the Table 2 
same trend in an island-braided river in Italy. Because LW pieces lie parallel to the direction of flow, usually with their roots pointing upstream (Edwards et al. 1999) , the upstream end of a LW piece blocks strong currents. Such an obstruction may create vortex flows on both sides of the LW and areas of very low current velocity at the downstream end of the LW (Abbe and Montgomery 1996) . It is probable that the distant quadrats were covered by cobbles because floodwater currents were not hindered, and fine sediment was selectively removed by the high tractive force. In general, the proportion of fine sediment is correlated with nutrient levels and water-holding capacity (Shin and Nakamura 2005). Although plant fragments dominated the surface cover at the jam center, field observations indicated that LW jams also trapped fine sediment beneath organic fragments. Thus, with respect to vegetation establishment, LW pieces, particularly LW jams, act as a ''resource node'' (Pettit and Naiman 2005) by accumulating fine sediments and retaining nutrients and organic matter, and they act as ''refugia'' (Abbe and Montgomery 1996) by providing a barrier to high-velocity flows.
Plant species diversity and composition and invasion of alien species
The species diversity of indigenous species was the lowest in the distant and upstream quadrats. In contrast, Francis et al. (2008) found a high species richness and diversity associated with scour pools at rootwads (usually at the upstream end). The probable reason for this association is that wetland species preferring hydric conditions might become established in and around such pools. Of the 16 single LW pieces we investigated, 12 pieces exhibited rootwads. Ten of these rootwads pointed upstream. However, we did not find any pools at the upstream end of LW pieces and detected few differences in soil moisture among the habitat groups. This finding suggested that the variety of physical environments at the rootwads was limited and that damages produced by floodwaters overwhelmed the recruitment of vascular plants.
The distant and upstream quadrats were exposed to floodwaters and suffered from high-velocity flows. Therefore, they were covered by cobbles and exposed to sunlight. Only a limited number of species, such as Oenothera biennis, P. japonica, and C. arbutifolia, were able to adapt to the harsh conditions. P. japonica is tolerant to scouring and sedimentation because it recovers vegetatively by extending rhizome runners or stolons (Asaeda and Rajapakse 2008) . This species is also tolerant to dislodging by floods. C. arbutifolia extends axial roots into coarse gravel, particularly during early growth stages (Ishikawa 1994) . Because this species absorbs water from deeper layers by rooting more rapidly than other species and protects itself from physical damage or being flushed away, it can easily become established on gravel bars where water levels change constantly (Shin and Nakamura 2005). Table 2 for full names, including subspecies and variation
The highest diversity was found in the jam center, while intermediate levels of diversity were observed in the surrounding quadrats, and the lowest levels were detected in the distant quadrats. Thus, our hypothesis was supported in this regard. However, the factors increasing species diversity could not be attributed to the variability of environmental conditions created by LW pieces because there were no significant differences in the variations in these environmental conditions. The overall environmental conditions in the jam center differed significantly from the other groups (Fig. 4) , and therefore, the specific site conditions at the jam center may allow many species to establish there. Pettit and Naiman (2006) also found a high density of seedlings and seed banks of various plant species in LW piles. We assumed that the ''resource node'' and ''refugia'' functions provided by LW jams enable the establishment of various species, but further research is necessary to explain species diversity with respect to LW.
The species compositions among the habitat groups also differed, particularly between the jam center and the other habitat groups. C. japonica, B. frondosa, and F. mandshurica var. japonica, which are generally observed in infrequently disturbed wet environments, dominate at the jam center. Thus, the jam center may provide habitat patches with specific conditions that favor these species on relatively unstable, drier gravel bars.
Alien species invaded all the of habitat groups without any preference for a specific habitat group. Thus, LW pieces on gravel bars could provide regeneration habitats not only for indigenous plant species, but also for alien species, such as S. armeria and C. canadensis.
Significant contributions of LW jams to the biodiversity of riparian vegetation
Although we only investigated the early stage of succession on gravel bars, the species composition during the initial stage following a disturbance can have a substantial influence on the future development of plant communities (Bråkenhielm and Liu 1998; Halpern and Spies 1995) . Thus, high species diversity in LW jams may contribute to the overall species richness during the future development of the riparian vegetation.
INSPAN found 21 indicator species only in the jam center and no indicator species in the other quadrats. This result means that LW jams provide specific regeneration habitats for many plant species. Such habitats cannot be created by a single piece of LW.
Woody plants constituted approximately half of the indicator species detected, and 10 out of the 22 woody species found in this study were indicator species for the jam center. Because flood disturbances operate in complex ways both temporally and spatially, the availability of safe sites also varies in time and space. The term ''safe site'' refers to a site with edaphic conditions or opportunities suitable for successful seedling recruitment (Harper 1977) . Riparian trees specialize in colonizing disturbance regimes characteristic of their given geomorphic settings by developing life history strategies adapted to the fluctuating availability of safe sites (Nakamura et al. 2007; Naiman et al. 1998) . Under these circumstances, LW jams increase the number and diversity of safe sites. Therefore, propagule sources that reach a suitable safe site will germinate and survive (Karrenberg and Suter 2003) .
The woody indicator species that became established only in the jam center included F. lanuginosa, T. japonica, Juglans mandshurica var. sachalinensis, S. subfragilis, and U. davidiana var. japonica. These species favor relatively high floodplains or terraces where fine sediment accumulates and slightly dark and humid (or wet) conditions are maintained (Goto and Hayashida 2002; Shin and Nakamura 2005; Nakamura et al. 1997) . Some of these species are broadly distributed on hillside slopes (Morimoto et al. 2011; Ishikawa and Ito 1988; Shimano 2000) . With the exception of S. subfragilis, the seeds of these midsuccessional species are larger and heavier than those of pioneer species (e.g., species of the family Salicaceae) and are dispersed by wind or animals (Katsuta et al. 1998) .
LW jams facilitate the deposition of plant fragments and sediment and create shaded areas within and around the LW structure in which plant species can become established. Moreover, buried seeds may be transported with LW during a flood, and seeds dispersed by wind and stream flows may be trapped by complex LW structures (Pettit and Naiman 2006) , which are associated with the blocking of strong currents and resultant decreases in water velocity. The specific environmental conditions and the trapping of seeds and fragments from various sources at LW jams allow the early establishment of mid-successional tree species at these sites. Although many LW jams are destroyed and washed away by successive floods, a number of the jams may remain if the axis of the active channel shifts to another orientation. As a result, diverse riparian forests develop in these regeneration patches (Nakamura et al. 2007) .
Furthermore, we found that C. arbutifolia and P. maximowiczii were dominant tree species throughout the study area. However, only P. maximowiczii was identified as an indicator species in the jam center. C. arbutifolia and P. maximowiczii both prefer gravel beds as germination sites, but P. maximowiczii tends to become established on higher geomorphic surfaces where the disturbance frequency and intensity are lower than on gravel bars in an active channel (Shin and Nakamura 2005; Nakamura et al. 1997) . LW jams may create patches including safe sites for P. maximowiczii in active channels.
The herbaceous indicator species that became established only in the jam center were C. japonica, S. cannabifolius, and Torilis japonica. These three species are generally distributed in mesic soils on high floodplains and forest edges. These environments were never found on gravel bars in the study area, but the appropriate conditions were provided by LW jams.
The persistence of LW pieces and jams with respect to flood disturbance may be important in attempting to understand how much LW contributes to the future development and diversity of riparian vegetation. The shifting mosaic of bars and floodplain patches in the present study site was examined by Nakamura et al. (2007) . Based on their analysis using serial air photos, the average turnover time following a stand-replacing disturbance in the study area is approximately 37 years, although the central zone of the river floor has been more frequently disturbed than the marginal zones. We believe that the shifting mosaic pattern in the bar-braided section of the river plays a vital role in allowing LW to remain on gravel bars and future development of riparian forests at a half-century time scale.
In conclusion, LW pieces deposited on gravel bars altered the light and substrate conditions in the study area. Thus, they provided various safe sites for riparian plant species. In particular, LW jams play an important role in creating specific habitats, such as the interior environments of LW piles. These habitats cannot occur in the other environments created by a single LW piece. As a result, vascular plant species that prefer fine or coarse sediment, exposed or shaded habitat, or an early-or mid-successional stage are able to coestablish on gravel bars where LW pieces occur. Although we should monitor the future trajectory of the riparian vegetation, the high species diversity found in the initial stage of establishment should contribute to species diversity during mature stages in the dynamic environment of a braided river.
